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The hepatitis B virus X protein (HBx) is essential for virus replication and has been implicated in the development of liver can-
cer. HBx is recruited to viral and cellular promoters and activates transcription by interacting with transcription factors and
coactivators. Here, we purified HBx-associated factors in nuclear extracts from HepG2 hepatoma cells and identified protein
arginine methyltransferase 1 (PRMT1) as a novel HBx-interacting protein. We showed that PRMT1 overexpression reduced the
transcription of hepatitis B virus (HBV), and this inhibition was dependent on the methyltransferase function of PRMT1. Con-
versely, depletion of PRMT1 correlated with increased HBV transcription. Using a quantitative chromatin immunoprecipitation
assay, we found that PRMT1 is recruited to HBV DNA, suggesting a direct effect of PRMT1 on the regulation of HBV transcrip-
tion. Finally, we showed that HBx expression inhibited PRMT1-mediated protein methylation. Downregulation of PRMT1 activ-
ity was further observed in HBV-replicating cells in an in vivo animal model. Altogether, our results support the notion that the
binding of HBx to PRMT1 might benefit viral replication by relieving the inhibitory activity of PRMT1 on HBV transcription.

Hepatitis B virus (HBV) is a common human pathogen and a
major health problem. Chronic HBV infection affects 350

million people worldwide, who are at a high risk of developing
liver diseases, including cirrhosis and hepatocellular carcinoma
(HCC) (1). Despite strong epidemiological evidence linking HBV
infection to HCC, the mechanisms underlying HBV-associated
carcinogenesis remain an open question. The regulatory hepatitis
B virus X protein (HBx), a small protein of 17 kDa, is thought to be
involved in oncogenesis (2). Although HBx does not behave as a
strong oncogene per se, it has been reported to be able to transform
simian virus 40 (SV40)-immortalized murine hepatocytes and,
depending on the mouse model, either to induce liver tumors or
to act as a cofactor to accelerate oncogenesis (2). HBx has been
shown to be essential for virus replication in vivo. However, its role
is far from being completely understood, and it is likely multifac-
torial. Indeed, HBx has been endowed with multiple activities.
HBx activates transcription from cellular and viral promoters, in-
cluding HBV promoters, and it subverts different cellular func-
tions and signal transduction pathways through modulation of
cytoplasmic calcium, cell proliferation, and apoptosis. Thus, the
accumulation of cellular dysfunctions and alterations associated
with HBx expression could lead ultimately to cell transformation.
While cellular activities modulated by HBx likely contribute to
increased virus replication, evidence for a more direct role of HBx
in stimulating HBV transcription has been provided by several
studies from different groups (3–7).

HBx exerts its activities by interacting with a large number of
cellular partners that are located either in the cytoplasm or in the
nucleus, in agreement with the dual location of HBx (8). Consis-
tent with its role in transcription, HBx has been shown to interact
with components of the basal transcriptional machinery (RPB5,
TFIIB, TBP, and TFIIH), with transcription factors (ATF/CREB,
c/EBP, NF-IL-6, and RXR receptor), as well as with coactivators

(CBP/P300 and ASC-2) or a repressor (DNMT) (2). Recently, we
showed that HBx is recruited to the promoters of CREB target
genes and increases the recruitment of CBP/P300 on CREB, sug-
gesting that HBx could be directly involved in assembly of enhanc-
er-transcription factor complexes (9). HBx clearly plays a direct
role in the epigenetic regulation of HBV transcription, in which it
appears that HBx modulates HBV transcription through a net-
work of interactions with transcription regulatory factors that are
part of high-molecular-weight protein complexes (6, 7).

Upon HBV infection, the partially double-stranded DNA ge-
nome is delivered to the nucleus, where it is converted into a
covalently closed circular DNA (cccDNA). The cccDNA serves as
the template for transcription of all viral RNAs, including the pre-
genomic RNA (pgRNA). The expression of these transcripts is
directed by four promoters and two enhancers (10). Several bind-
ing sites for ubiquitous and liver-specific transcription factors that
likely regulate HBV transcription in vivo have been identified in
these cis-acting sequences (10, 11–14). Moreover, recent findings
have pointed out that like the human genome, HBV cccDNA tran-
scription is regulated by epigenetic mechanisms such as DNA
methylation and histone acetylation (7, 15–17).
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Methylation of arginine residues in proteins is a widespread
posttranslational modification involved in the regulation of a
large array of cellular processes, including signal transduction,
subcellular localization, RNA processing, and transcription (18).
Arginine methylation modulates transcription factor activities
and participates in chromatin remodeling (19, 20). It is catalyzed
by the family of protein arginine methyltransferases (PRMTs)
comprising to date 11 members in humans, which transfer one or
two methyl groups from S-adenosylmethionine (SAM) to the gua-
nidine nitrogen of arginine residues (20). It is well established that
PRMT1 is involved in transcriptional regulation by acting as a
transcriptional coactivator or corepressor (21–24).

In the current study, we used affinity chromatography and
mass spectrometry to identify cellular proteins interacting with
HBx in the nucleus of HepG2 cells. We identified PRMT1 as an
HBx-interacting protein. We also show that PRMT1 plays a sig-
nificant role in the repression of HBV transcription. Furthermore,
expression of HBx inhibits PRMT1 methyltransferase activity.
Our data support a model by which HBx relieves PRMT1 repres-
sion to benefit HBV replication.

MATERIALS AND METHODS
DNA plasmids. The N-terminally hemagglutinin (HA)-tagged HBx (adw
subtype) (HA-HBx) expression vector was previously described (9). Flag-
HA-HBx pCDNA3.1 was generated from the HA-HBx construct by PCR
amplification, using primers 5=-ATGGACTACAAAGACGATGACGACA
AGTACCCATACGATGTACCGGACTACGCA-3= and 5=-AATTAGGT
ACCTTAGGCAGAGGTGAAAAAGTTGC, containing BglII and KpnI
restrictions sites, respectively. The pTRIP-Flag-HA-HBx plasmid was
generated by cloning the BglII-KpnI fragment containing wild-type (wt)
Flag-HA-HBx cDNA into the BamHI-KpnI sites of the lentiviral vector
pTRIP�U3 (25). pTRIP Flag-HA (control) contains the Flag-HA tag
cloned into the lentiviral vector pTRIP�U3. Plasmids encoding His-Myc-
PRMT1 and green fluorescent protein (GFP)-PRMT1 were kindly pro-
vided by Maria Bauer and Mark Bedford, respectively (26, 27). Flag-
tagged PRMT1 and PRMT3 expression vectors were generous gifts of
Richard B. Gaynor (24). The glutathione S-transferase (GST)-glycine-
and arginine-rich (GAR) plasmid was kindly provided by Steven Clarke
and contains the N-terminal portion of human fibrillarin cloned in frame
with GST (28). The catalytically inactive mutant of PRMT1 was generated
by QuikChange XL site-directed mutagenesis (Stratagene) from the GFP-
PRMT1 plasmid by using the following primers: 5=-CCGGTGCCCGAG
CCGACGGCCGCCGCCACCTTGTCC-3= and 5=-GGACAAGGTGGCG
GCGGCCGTCGGCTCGGGCACCGG-3=. These primers change the 63-
VLD-65 sequence in the S-adenosylmethionine binding site of PRMT1 to
63-AAA-65 (29, 30). All constructs were verified by sequencing. A plasmid
encoding a greater-than-unit-length wt HBV genome (payw1.2, here
called HBV) was kindly provided by M. Melagari (31). The recombinant
pAAV vector carrying a 1.2-unit-length HBV sequence (pAAV-HBV) was
constructed by inserting the more-than-full-length HBV genome be-
tween the inverted terminal repeats of the adeno-associated virus serotype
2 (AAV2) vector (S. Dion, M. Bourgine, O. Godon, F. Levillay, and M. L.
Michel, unpublished data).

AAV2/8 recombinant virus production and animal procedures.
AAV2/8-HBV or AAV2/8-empty recombinant viral vectors were pro-
duced after cotransfection of HEK293 cells with pAAV-HBV or pAAV
plasmids and an auxiliary plasmid allowing packaging of viral DNA into
AAV serotype 8 capsids. After purification, viruses were titrated as virus
genomes (vg) per ml and stored at �80°C. HLA-A*0201/DRB1*0101
transgenic, H-2 class I/class II knockout (KO) mice were previously de-
scribed (32). All animals were housed in a pathogen-free environment in
the animal facility of the Institut Pasteur, Paris, France. All protocols were
reviewed and approved by the institutional animal care committee of the
Institut Pasteur for compliance with French and European regulations on

animal welfare and with Public Health Service recommendations. Six- or
eight-week-old mice received a single tail vein injection of 5 � 1010 vg of
the AAV2/8-HBV or AAV2/8-empty virus vector. HBV replication was
evaluated by quantifying HBsAg and HBeAg in mouse sera by using com-
mercial enzyme-linked immunosorbent assay (ELISA) kits (Bio-Rad,
Marnes la Coquette, France).

Primers for small interfering RNAs (siRNAs), chromatin immuno-
precipitation (ChIP), and quantitative reverse transcription-PCR (RT-
qPCR). The following synthetic oligonucleotides were ordered from
Eurofins MWG Operon: siPRMT1 (5=-CGUGUAUGGCUUCGACAUG-
3=), siCtrl (5=-UAGCGACUAAACACAUCAA-3=), HBV cccDNA sense
(s) (5=-GTGCACTTCGCTTCACCTCT-3=) (positions 1579 to 1598),
HBV cccDNA antisense (as) (5=-AGCTTGGAGGCTTGAACAGT-3=)
(positions 1859 to 1878), HBV-trans1 s (5=-GCTTTCACTTTCTCGCCA
AC-3=) (positions 1087 to 1106), HBV-trans2 as (5=-GAGTTCCGCAGT
ATGGATCG-3=) (positions 1262 to 1281), RHOT2 s (5=-CTGCGGACT
ATCTCTCCCCTC-3=), RHOT2 as (5=-AAAAGGCTTTGCAGCTCCAC-
3=), PRMT1 s (5=-GAGAATTTTGTAGCCACCTTGG-3=), PRMT1 as
(5=-CCTGGCCACAGGACACTT-3=), RC 5= (CACTCTATGGAAGGCG
GGTA), and RC 3= (TGCTCCAGCTCCTACCTTGT).

Antibodies and reagents. For purification, immunoprecipitation,
and Western blotting, anti-tubulin, anti-Flag M2 resin, and Flag peptide
were purchased from Sigma; anti-GFP was purchased from Santa Cruz
Biotechnology; anti-Myc was purchased from Calbiochem; anti-HA was
purchased from Covance; anti-PRMT1 antibodies were purchased from
Bethyl laboratories (A300-722A for immunoprecipitation and A300-
723A for Western blotting); anti-glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) and anti-H4 were purchased from Abcam, and anti-V5
was purchased from Invitrogen. Specific antibodies against asymmetrical
dimethylarginines (ASYM25) and symmetrical dimethylarginines
(SYM10) were obtained from Millipore. HBs and PreS1 antibodies were
kindly provided by Camille Sureau. For ChIP and immunofluorescence
analysis, anti-PRMT1 was obtained from Upstate, Millipore. Purified rab-
bit IgGs were obtained from Millipore. Anti-HP1� was purchased from
Euromedex. Purified recombinant GST-PRMT1 was obtained from Mil-
lipore, and free core histones were obtained from Roche. S-Adenosyl-L-
[methyl-3H]methionine ([3H]AdoMet) was purchased from GE Health-
care. Nonradioactive SAM was obtained from NEB. In vitro-translated
HBx was produced by using the TnT coupled reticulocyte lysate system
from Promega.

Cell culture, DNA and siRNA transfections, and transduction.
HEK293 and HEK293T cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS). HepG2 and
HepAD38 cells were maintained in DMEM-F12 complemented with 10%
FBS, 3.5 � 10�7 M hydrocortisone, and 5 �g/ml insulin. The HepAD38
cell line is derived from HepG2 cells and contains the HBV genome under
tetracycline (Tet) control (33). HepG2 H1.3�x cells are derived from
HepG2 cells and contain the stable integration of a 1.3-fold HBV genome
carrying premature stop codon mutations in both the 5= and 3= parts of
the HBx open reading frame (34). Primary human hepatocytes (PHH)
were isolated from normal liver surgically resected for medical reasons
(colorectal metastasis). Informed consent was obtained from each pa-
tient, and the procedure was approved by the French National Ethics
Committee. PHH cells were isolated with a two-step perfusion method
and cultured as described previously (35). HepaRG-TR-X cells that ex-
press HBx under the control of a tetracycline-regulated promoter were
derived from HepaRG cells (34). Cells were transfected with different
vectors, as indicated in the figure legends, using Si Importer (Millipore),
Exgen 500 (Euromedex), or Lipofectamine LTX reagent (Invitrogen) for
DNA transfection. Total amounts of transfected DNA were kept constant
by adding empty vector DNA. For infection, Flag-HA-HBx and Flag-HA
(control) lentiviral vectors were produced in HEK293T cells as described
previously (9). HepG2 cells were then transduced with lentiviral vectors
encoding Flag-HA-HBx or Flag-HA (control) for 48 h. For PRMT1
knockdown, HepG2 cells were first transfected with 20 nM siPRMT1 or
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control siRNA (siCtrl) by using Interferin reagent according to the man-
ufacturer’s protocol (PolyPlus transfection), followed by a second round
of siRNA transfection 24 h later and then by DNA transfection with 0.5 �g
of HBV vector by using Lipofectamine LTX reagent. Cells were harvested
48 h posttransfection, protein expression was analyzed by Western blot-
ting, and RNAs were quantified by quantitative RT-PCR (RT-qPCR).
HepG2 cells stably expressing shPRMT1 or shCtrl were established by
transducing cells twice with lentiviral vectors encoding either shPRMT1
or shCtrl, purchased from Santa Cruz Biotechnology, according to the
manufacturer’s instructions. Cells were selected in the presence of 4 �g/ml
of puromycin for 14 days. Selected clones were pooled and analyzed for
PRMT1 expression by Western blotting and RT-qPCR. HepAD38 cells
were grown without tetracycline and transfected with 20 nM siPRMT1 or
siCtrl using Interferin (PolyPlus transfection) according to the manufac-
turer’s instructions.

HBV virions and HBV infection. HBV virions were produced from
HepAD38 cells grown in William’s E medium containing 5% fetal calf
serum (FCS) and 2% dimethyl sulfoxide (DMSO). HBV particles were
precipitated from clarified cell supernatants by overnight incubation in
5% polyethylene glycol 8000 (PEG 8000) and were then concentrated by
centrifugation at 4°C for 60 min at 5,000 rpm. The pellet was suspended in
complete William’s medium supplemented with 2% DMSO. Titers of the
enveloped DNA-containing viral particles in the HBV inocula were deter-
mined by immunoprecipitation with an anti-PreS1 antibody followed by
quantitative PCR (qPCR) quantification of viral DNA using primers RC
5= and RC 3=, as described above. Only enveloped DNA-containing viral
particles were taken into account for determining the multiplicity of in-
fection (MOI). PHH were infected with normalized amounts of virus at
an MOI of 500, as previously described (34).

Purification of HBx complexes. Nuclear extract was prepared from
HepG2 cells transduced with a lentiviral vector encoding either Flag-HA-
HBx or Flag-HA (control). Flag-HA-HBx complexes were purified from
nuclear extracts by affinity chromatography using anti-Flag antibodies
according to a standard method, with minor modifications (36). Briefly,
cells were rinsed once and swollen in 2 volumes of hypotonic buffer (20
mM Tris [pH 7.3], 25% glycerol, 1.5 mM MgCl2, 0.2 mM EDTA, 20 mM
KCl, 10 mM beta-mercaptoethanol, 0.5 mM phenylmethylsulfonyl fluo-
ride [PMSF], and EDTA-free protease inhibitors) for 10 min on ice, fol-
lowed by homogenization 15 times with a “loose” pestle. Nuclei were
centrifuged at 2,500 rpm at 4°C for 10 min, and nuclear pellets were
suspended in 0.5 volumes of low-salt buffer (20 mM Tris [pH 7.3], 25%
glycerol, 1.5 mM MgCl2, 0.2 mM EDTA, 20 mM KCl, 10 mM beta-mer-
captoethanol, 0.5 mM PMSF, and EDTA free-protease inhibitors). High-
salt buffer (20 mM Tris [pH 7.3], 25% glycerol, 1.5 mM MgCl2, 0.2 mM
EDTA, 1.2 M KCl, 10 mM beta-mercaptoethanol, 0.5 mM PMSF, and
EDTA-free protease inhibitors) was slowly added (0.5 volumes; 420 mM
KCl final concentration), nuclei were rotated for 30 min at 4°C, and in-
soluble material was removed by centrifugation at 15,000 rpm for 30 min
at 4°C. Supernatant was dialyzed in BC-100 buffer (20 mM Tris [pH 7.3],
20% glycerol, 1.5 mM MgCl2, 0.2 mM EDTA, 100 mM KCl, 10 mM
beta-mercaptoethanol, 0.5 mM PMSF, and EDTA-free protease inhibi-
tors) for 4 h at 4°C. The supernatants were centrifuged at 15,000 rpm at
4°C for 30 min. Complexes were then diluted in 1 volume of B0.1 buffer
(20 mM Tris [pH 7.3], 10% glycerol, 5 mM MgCl2, 0.2 mM EDTA, 100
mM KCl, 0.1% Tween 20, 10 mM beta-mercaptoethanol, 0.5 mM PMSF,
and EDTA-free protease inhibitors) before immunoprecipitation with
anti-Flag M2 resin (Sigma), by incubating 100 �l packed resin with the
nuclear extracts for 3 h at 4°C, which were then washed three times in B0.1
buffer in a 10-ml disposable column (Bio-Rad), followed by two succes-
sive elutions with 100 �l of B0.1 buffer containing 0.2 mg/ml of Flag
peptide (Flag peptide stock, 4 mg/ml in 50 mM Tris [pH 8] and 100 mM
KCl). The eluted material was resolved on a 4-to-12% gradient gel in Tris
buffer (Bio-Rad) and silver stained (Silver Quest; Invitrogen) according to
the manufacturer’s instructions.

Protein identification. Protein bands were excised from a one-dimen-
sional (1-D) polyacrylamide gel and analyzed by mass spectrometry as
previously described, with minor modifications (37). Sequence analysis
was performed with MASCOT (Matrix Sciences, London, Great Britain),
using an indexed viral and human subset database of the nonredundant
protein database from the National Center for Biotechnology Informa-
tion (NCBI) website (http://www.ncbi.nlm.nih.gov/) as well as the Swiss-
Prot database (version 50.3), with searches restricted to human and viral
taxonomy. Tolerances were a 1.0-Da parent ion mass window and a
0.5-Da window for tandem mass spectrometry (MS/MS) scans.

Immunofluorescence. HepG2 cells were grown on glass coverslips and
transduced with lentiviral vectors encoding Flag-HA-HBx or Flag-HA as a
control. Twenty-four hours after transduction, cells were fixed with 4%
paraformaldehyde (PFA) (Sigma) for 10 min at room temperature (RT)
and permeabilized with 0.5% Triton X-100 in phosphate-buffered saline
(PBS) for 15 min at RT. PFA-fixed cells were washed three times with PBS,
blocked in 5% bovine serum albumin (BSA), and incubated for 1 h at RT
with the primary antibody. After 3 washes in PBS containing 0.1% Tween
20, cells were incubated with a secondary antibody coupled to either Alexa
594 or Alexa 488 (1:200 dilution; Invitrogen) for 1 h at RT. Coverslips
were mounted with Vectashield (Vector Laboratories) supplemented
with 4=,6-diaminido-2-phenylindole (DAPI) for nuclear staining. Pri-
mary antibodies used were as follows: anti-PRMT1 (1:200 dilution; Up-
state) and anti-HA (1:200; Covance). Fluorescent images were acquired
on an Axio Observer.Z1 microscope with an Apotome camera with a
63�/1.40-numerical-aperture (NA) Plan-Apochromat. Images were ac-
quired with AxioVision software (Carl Zeiss, Germany).

GST pulldown, immunoprecipitation, and Western blot analysis.
GST-GAR was produced and purified as described previously (9). Immu-
noprecipitation and Western blotting were performed as previously de-
scribed, with minor modifications (9). Briefly, cells were lysed in lysis
buffer (20 mM Tris [pH 7.3 to 7.5], 0.5 mM EDTA, 0.1% Triton, 400 mM
KCl, 5 mM MgCl2, 10% glycerol, 10 mM beta-mercaptoethanol, 0.5 mM
PMSF) containing EDTA-free protease inhibitor cocktail (Roche). After
lysis, the extracts were cleared by centrifugation, and the supernatant was
incubated with appropriate antibodies for 2 h. Protein complexes bound
to the beads were washed 3 times in lysis buffer and then either used for
subsequent experiments or eluted from the beads by boiling in 25 �l of
Laemmli buffer for 10 min. Samples were resolved by SDS-PAGE and
electrotransferred onto nitrocellulose membranes. Blots were incubated
with the indicated primary antibodies and then with alkaline phospha-
tase-conjugated secondary antibodies. Proteins were visualized by chemi-
luminescence (Tropix; Applied Biosystems). When using the Odyssey
procedure, after incubation with the primary antibody, blots were probed
with dye-conjugated secondary antibodies. Fluorescent immunoblot im-
ages were acquired and quantified using an Odyssey scanner and Odyssey
3.1 software (Li-Cor Biosciences). Relative signal intensities were normal-
ized to the corresponding tubulin signals.

In vitro methyltransferase assays. GST-GAR beads were incubated
with 1 �g of purified recombinant PRMT1 (Upstate), in vitro-translated
HBx, and 5 �Ci of [3H]AdoMet (Perkin-Elmer) at 37°C for 2 h. The
reaction was stopped, and the reaction mixture was analyzed by SDS-
PAGE. Gels were stained with Coomassie brilliant blue for 1 h, treated
with En3Hance (Perkin-Elmer Life Sciences), and then dried and exposed
to fluorography. For methylation of histone H4, 3 �g of free core histones
or 3 �g of histone H4 was incubated at 37°C for 2 h in a final volume of 30
�l with beads containing immunoprecipitated PRMT1 and 5 �Ci of
[3H]AdoMet or 600 �M nonradioactive S-adenosylmethionine in the
presence or not of immunoprecipitated HBx. The reaction was stopped by
adding Laemmli buffer to the reaction mixture, and the mixture was an-
alyzed by SDS-PAGE, Western blotting, and fluorography. For in vitro
methylation assays using whole-cell lysate, HepG2 cells were rinsed in PBS
and lysed in lysis buffer (20 mM Tris [pH 7.3 to 7.5], 0.5 mM EDTA, 0.1%
Triton, 400 mM KCl, 5 mM MgCl2, 10% glycerol, 10 mM beta-mercap-
toethanol, 0.5 mM PMSF). The extract was cleared by centrifugation, and
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the supernatant was heated at 70°C for 10 min to inactivate endogenous
PRMT enzymes. Fifteen micrograms of protein lysate was then incubated
at 37°C for 2 h with 5 �Ci of [3H]AdoMet and immunoprecipitated His-
Myc-PRMT1. The reaction was stopped with Laemmli buffer, and the
reaction mixture was analyzed by SDS-PAGE, Western blotting, and flu-
orography.

RT-qPCR. Total RNA was prepared from transfected HepG2 cells or
HepAD38 cells grown without tetracycline for 12 days using TRIzol re-
agent (Invitrogen) and Turbo DNA-free reagent (Ambion). RNA (500
ng) was retrotranscribed using random primers and RevertAid H Minus
Moloney murine leukemia virus (M-MuLV) reverse transcriptase (Fer-
mentas). cDNA was analyzed by qPCR using Sybr green PCR master mix
(Applied Biosystems) on an ABI Prism 7900HT sequence detection sys-
tem (Applied Biosystems), using a standard PCR protocol (denaturation
at 95°C and annealing/extension at 63°C) and a final dissociation step to
ensure amplicon-specific detection. The primers used for RT-qPCR are
described above in “Primers for small interfering RNAs (siRNAs), chro-
matin immunoprecipitation (ChIP), and quantitative reverse transcrip-
tion-PCR (RT-qPCR).” Primers HBV-trans1s and HBV-trans2as amplify
all HBV transcripts except the 0.8-kb transcript encoding HBx, a fragment
of 194 nucleotides (nt) in length. ROTH2 was used as a reference gene
because of its low variation coefficient in human liver tumors and cell lines
(38). All assays were performed in triplicate using 0.8 �l of cDNA per
reaction mixture, and mean values were calculated according to the �CT

quantification method. Results are expressed as the average from at least
three independent experiments. Standard deviations (SD) are indicated.
Statistical differences were analyzed by Student’s t test.

Northern blot analysis. Total RNA was extracted using TRIzol re-
agent as recommended by the manufacturer (Invitrogen). RNA samples
(20 �g) were resolved on a 1% formaldehyde-agarose gel and trans-
ferred onto a Hybond N� nylon membrane (Amersham). Blots were
hybridized with full-length 3.2-kb HBV DNA or 18S rRNA gene
probes labeled by random priming. Signals were quantified using the
Strom 840 PhosphorImager (Molecular Dynamics).

ChIP. HBV-infected PHH, HepG2 cells transfected with the HBV vec-
tor, or HepAD38 cells grown without tetracycline for 12 days were used
for ChIP assays as described previously, with minor modifications (9). In
brief, cells were fixed with 1% formaldehyde for 10 min at 37°C, and
nuclear extracts were prepared. The sonicated nuclear lysates were sub-
jected to immunoprecipitation overnight at 4°C by using 2 �g of the
indicated antibodies. Immune complexes were incubated with 30 �l of a
mix of protein A-protein G-agarose for 1 h at 4°C. The immunoprecipi-
tates were washed five times in radioimmunoprecipitation assay (RIPA)
buffer containing 0.5 mM Pefablock EDTA-free protease inhibitors
(Roche), once in LiCl buffer (0.25 mM LiCl, 0.5% NP-40, 0.5% deoxy-
cholate [DOC], 10 mM Tris-HCl [pH 8], 1 mM Na-EDTA [pH 8], 0.5
mM Pefablock EDTA-free protease inhibitors [Roche]), and twice in Tris-
EDTA (TE) buffer and then eluted in elution buffer (1% SDS, 0.1%
NaHCO3). After purification of the immunoprecipitated DNA, qPCR was
performed by using primers specific for the cccDNA, as described above in
“Primers for small interfering RNAs (siRNAs), chromatin immunopre-
cipitation (ChIP), and quantitative reverse transcription-PCR (RT-
qPCR).” qPCRs were carried out by mixing 2 �l of ChIP sample or diluted
input with Sybr green PCR master mix (Applied Biosystems) and specific
primers. All reactions were performed in triplicate. Samples were normal-
ized to input DNA, and results were analyzed by using the �CT method,
where �CT � CT (threshold cycle) (input) � CT (immunoprecipitation).
Results were expressed as a percentage of the input and represent the
average of results from three independent experiments. Standard devia-
tions are indicated. Statistical differences were analyzed by Student’s t test.

RESULTS
HBx interacts with PRMT1 in vivo. HBx has been shown to be
located in both the nucleus and cytoplasm. In the nucleus, HBx is
recruited to cellular gene promoters and to the HBV cccDNA,

correlating with increased transcription (7, 9). However, the epi-
genetic mechanisms involved in transcriptional regulation of
HBV remain poorly understood. In a previous study, we showed
that HBx is associated with cellular proteins in high-molecular-
weight complexes that are involved in HBx transcriptional activity
(6). To gain insight into the mechanisms of HBV transcriptional
regulation and identify HBx cellular partners, we initiated an in-
teractome analysis of HBx and binding partners using affinity
chromatography. We selected HepG2 hepatoma cells since HBx
activities on HBV replication and transcription can be observed in
this cell line (3, 5, 7). As HBx proapoptotic activity impedes the
establishment of stable cell lines, we transduced HepG2 cells with
a lentiviral vector coding for HBx fused to Flag and HA tags at the
N terminus (Flag-HA-HBx). Lentiviral vectors were previously
shown to allow a high transduction efficiency of hepatic cells (39).
Flag-HA-tagged HBx was expressed mainly in the nucleus of
HepG2 cells, as described previously when HBx is expressed at a
relatively low level (40) (data not shown). Tagged HBx was iso-
lated from nuclear extracts by Flag antibody-based affinity purifi-
cation. After elution with Flag peptide, HBx-associated proteins
were resolved by SDS-PAGE and visualized by silver staining.
Bands were excised from the gel and analyzed by mass spectrom-
etry. Among them, we isolated known partners of HBx, such as
DDB1 and Cul4A, two components of the E3 cullin-RING ubiq-
uitin ligase complex (41) (Fig. 1A). This result confirmed the va-
lidity of our approach. We also isolated Cul4B, which, similarly to
Cul4A, associates with DDB1 to form the ubiquitin ligase complex
Cul4B-DDB1, as well as DDA1, a protein that associates with mul-
tiple DDB1-DCAF complexes (42). In agreement with data from
previous reports, our results demonstrate that HBx interacts with
DDB1 in the nucleus. This interaction has been shown to be im-
portant for transcriptional and cytotoxic activities of HBx (41,
43–45). Interestingly, we also specifically isolated the protein ar-
ginine methyltransferase PRMT1. PRMT1 is involved in diverse
processes such as transcription, protein localization, and signal
transduction (20) (Fig. 1A).

To confirm that HBx interacts with PRMT1, HEK293 cells
were transfected with GFP-PRMT1 and HA-HBx vectors, and
immunoprecipitation assays were performed by using anti-HA
antibodies. As shown in Fig. 1B, PRMT1 was specifically im-
munoprecipitated with HBx. Using cellular extracts of HepG2
cells transduced with a lentiviral vector coding for Flag-HA-HBx or
the control vector, and anti-PRMT1 antibodies for immunoprecipi-
tation, we next confirmed that HBx coimmunoprecipitates with
endogenous PRMT1 (Fig. 1C, top). Conversely, we used HepaRG-
TR-X cells expressing V5-tagged HBx in a tetracycline (Tet)-in-
ducible manner and immunoprecipitated PRMT1 from HepaRG-
TR-X cells treated with tetracycline using an anti-V5 antibody
(Fig. 1C, bottom). Taken together, these data confirm that HBx
associates with PRMT1 in vivo.

We then examined the cellular localization of HBx and PRMT1
by immunofluorescence. HepG2 cells were transduced with a len-
tiviral vector encoding Flag-HA-HBx. As shown in Fig. 1D,
PRMT1 labeling was predominantly nuclear irrespective of HBx
expression, and HBx associated with endogenous PRMT1 in the
nucleus.

PRMT1 negatively regulates HBV transcription. A growing
number of reports suggest that arginine methylation by PRMT
family proteins plays an important role in regulating gene expres-
sion (22, 46, 47). Because both HBx and PRMT1 are known to
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display transcriptional activity, we hypothesized that the interac-
tion between HBx and PRMT1 might be involved in the regula-
tion of HBV transcription. We first analyzed the effect of PRMT1
overexpression on HBV transcription. HepG2 cells were trans-
fected with a PRMT1 expression vector and a wild-type replica-
tion-competent HBV vector (HBV). HBV transcription was eval-
uated by RT-qPCR using primers amplifying the HBV
pregenomic RNA (pgRNA) as well as the 2.4- and 2.1-kb mRNA
and by Northern blotting (Fig. 2A). Overexpression of PRMT1
resulted in an inhibition of HBV transcription by 60% (Fig. 2A).
To determine whether this inhibitory effect was specific for
PRMT1, we cotransfected HepG2 cells with the HBV vector and a
vector encoding the type I methyltransferase PRMT3, which dif-
fers from PRMT1 in its substrate specificity (48, 49). We found
that overexpression of PRMT3 did not modulate HBV transcrip-
tion, indicating that PRMT1 had specific activity in this context
(Fig. 2B). Overall, these results suggest that PRMT1 is a negative
regulator of HBV transcription.

To further evaluate the role of PRMT1 in HBV transcription,
we studied HBV transcription in HepG2 cells depleted for PRMT1
expression. Endogenous PRMT1 expression in HepG2 cells was
first reduced by using a specific small interfering RNA (siRNA).
After siRNA transfection, HepG2 cells were transfected with the
HBV vector, and virus transcription was analyzed 48 h later by
RT-qPCR. Downregulation of PRMT1 expression in HepG2 cells
was evaluated by Western blotting (Fig. 2C, bottom). Figure 2C
shows that decreased PRMT1 expression was associated with a
significant 1.6-fold increase in HBV transcription compared to
the control.

The role of PRMT1 in HBV transcription was further con-
firmed with the HepG2 cell line stably expressing a short hairpin
RNA (shRNA) against PRMT1. HepG2 cells were transduced with
a lentivirus vector coding for a PRMT1 shRNA (shPRMT1) or an
shRNA control (shCtrl) and selected for 14 days with puromycin.
Resistant cells were pooled, and PRMT1 expression was tested by
RT-qPCR (Fig. 2D, bottom). shPRMT1 or shCtrl HepG2 cells
were transfected with the HBV vector, and virus transcription was
analyzed 3 days later by RT-qPCR and Northern blot analysis
(Fig. 2D, top). As shown in Fig. 2D, knockdown of PRMT1 en-
hanced HBV transcription significantly. These experiments con-
firm that endogenous PRMT1 represses HBV transcription.

We next assessed whether the repressive activity of PRMT1 on
HBV transcription was linked to its methyltransferase activity. We
constructed a PRMT1-inactive mutant containing substitutions
of amino acids 63-VLD-65 to 63-AAA-65, and we tested its ex-
pression in HepG2 cells (50) (Fig. 3A). With this aim, we purified
GFP-PRMT1 or the GFP-PRMT1 mutant from HepG2 cells and
confirmed that the mutant was inactive using an in vitro methyl-
ation assay of histone H4, a well-known PRMT1 substrate, using
[3H]AdoMet as the methyl donor (Fig. 3B). We then cotransfected
HepG2 cells with the HBV vector in combination with either GFP-
PRMT1 or GFP-PRMT1 mutant expression vectors. HBV tran-
scription was analyzed 48 h later by RT-qPCR and by Northern
blotting. We observed that only the wt PRMT1 protein was able to
inhibit HBV transcription, arguing that the inhibitory activity is
mediated by its methyltransferase activity (Fig. 3C).

PRMT1 is recruited to HBV DNA. We next investigated
whether the repression of HBV transcription by PRMT1 is medi-

FIG 1 HBx interacts with endogenous PRMT1. (A) HBx was purified from nuclear extracts of HepG2 cells transduced with a lentiviral vector encoding
Flag-HA-HBx (F/H-HBx) or Flag-HA (control) by affinity chromatography. Coimmunoprecipitated cellular proteins were analyzed by mass spectrometry
following SDS-PAGE separation and silver staining. PRMT1 and components of the E3 ligase Cul4/DDB1 are indicated. MW, molecular weight (in thousands).
(B) Coimmunoprecipitation of GFP-PRMT1 with HA-HBx using anti-HA antibodies in HEK293 cells. Proteins in the immune complexes were revealed by
Western blotting with anti-GFP and -HA antibodies. (C, top) Extracts from HepG2 cells transduced with a lentiviral vector encoding Flag-HA-HBx were
immunoprecipitated (IP) with anti-PRMT1 or anti-IgG antibodies, and proteins were detected by Western blotting using anti-HA, anti-PRMT1, or anti-DDB1
antibodies. (Bottom) Extracts from HepaRG-TR-X cells treated or not with tetracycline (Tet) were immunoprecipitated with anti-V5 antibody, and proteins
were resolved by SDS-PAGE. PRMT1 and HBx were detected by Western blotting using PRMT1 and V5 antibodies, respectively. (D) HepG2 cells expressing
Flag-HA-HBx (F/H-HBx) or Flag-HA (control) were fixed and immunostained with anti-PRMT1 (green) and anti-HA (red) antibodies. Scale bar, 10 �m.
Localization was assessed by epifluorescence microscopy using an Apotome camera.
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ated through the recruitment of PRMT1 to HBV DNA. Quantita-
tive ChIP (ChIP qPCR) assays were performed 3 days after trans-
fection of HepG2 cells with the HBV vector. As shown in Fig. 4A,
PRMT1 was recruited to the HBV DNA. Because cells had been
transfected with a plasmid carrying the HBV genome, the possi-
bility that both the input plasmid and the cccDNA were immuno-
precipitated and amplified together could not be ruled out. There-
fore, we used HepAD38 cells as a second model system to study the
role of PRMT1 in HBV transcription and its recruitment to the
cccDNA. HepAD38 cells are derived from HepG2 cells and con-

tain the HBV genome driven by a minimal cytomegalovirus
(CMV) promoter under tetracycline control. We have previously
shown that cccDNA accumulates in the nucleus of HepAD38 cells
grown without tetracycline and can be amplified by qPCR (6).
Using ChIP qPCR, we confirmed that PRMT1 is recruited to the
cccDNA in HepAD38 cells (Fig. 4B, top). Moreover, silencing of
PRMT1 expression by specific siRNA increased HBV transcrip-
tion in HepAD38 cells, supporting the finding that PRMT1 nega-
tively regulates HBV transcription (Fig. 4B, bottom).We further
confirmed the recruitment of PRMT1 on the cccDNA using

FIG 2 PRMT1 represses HBV transcription. (A) HepG2 cells were transfected with an HBV vector in combination with a plasmid coding for GFP-PRMT1. After
48 h, cells were harvested, total RNA extracts were prepared, and HBV transcription was analyzed by either RT-qPCR (left) or Northern blotting (right). The
transcript level in cells transfected with the HBV vector alone was set to 1. P values were determined by Student’s t test (���, P � 0.005). Error bars represent SD
of four independent experiments. (B) HepG2 cells were transfected with equivalent amounts of HBV vector in combination with a plasmid coding for either
Flag-PRMT1 or Flag-PRMT3. Forty-eight hours later, cells were harvested, total RNA was extracted, and HBV transcription was analyzed by RT-qPCR. The
transcript level in cells transfected with only HBV was set to 1. P values were determined by Student’s t test (��, P � 0.05). The results are the averages of data from
three independent experiments. (C) HepG2 cells were transfected twice with siRNA against PRMT1 (siPRMT1) or siCtrl, as indicated. Cells were then transfected
with the HBV vector. At 48 h post-DNA transfection, cells were harvested, and total RNA or protein extracts were prepared. HBV transcription was analyzed by
RT-qPCR. The transcript level in cells transfected with siCtrl and the HBV vector was set to 1. Efficiency of PRMT1 knockdown was analyzed by Western blotting,
and GAPDH was used as a loading control (bottom). ���, P � 0.005. Error bars represent SD of four independent experiments. (D) HepG2 cells were transduced
with either a lentiviral vector encoding a shRNA control (shCtrl) or a shRNA against PRMT1 (shPRMT1). Cells stably expressing shCtrl or shPRMT1 were
transfected with the HBV vector. Seventy-two hours posttransfection, cells were harvested for total RNA extraction, and HBV transcription was analyzed by
RT-qPCR (top left) or by Northern blotting (right). The transcript level in shCtrl cells transfected with vector was set to 1. PRMT1 expression in shCtrl or
shPRMT1 HepG2 cells was tested by RT-qPCR using primers specific for PRMT1 (bottom). P values were determined by Student’s t test (���, P � 0.005; ��, P �
0.05). Error bars represent SD of three independent experiments.
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freshly prepared PHH that were infected by HBV virions. ChIP
qPCR assays were performed 8 days after infection and confirmed
that PRMT1 is recruited to the cccDNA in the context of infection
(Fig. 4C). Altogether, our results suggest that PRMT1 represses
transcription through its direct recruitment to the cccDNA.

HBx inhibits PRMT1 methyltransferase activity. Arginine
methylation of proteins is an important posttranslational modifi-
cation process that modulates protein functions through the al-
teration of protein-protein or protein-nucleic acid interactions or
subcellular localization (48). The findings that HBx interacts with
PRMT1 and that PRMT1 inhibits HBV transcription raised the
question of whether HBx was methylated by PRMT1. However,
after incubating in vitro-translated HBx protein with recombinant
GST-PRMT1 and [3H]AdoMet and SDS-PAGE analysis, we could
not observe any significant methylation of HBx by PRMT1 (data
not shown). We thus studied whether HBx could modulate
PRMT1 activity. To address this question, we analyzed the activity
of GST-PRMT1 in the presence or in the absence of in vitro-trans-
lated HBx protein using an in vitro methylation assay. The
amounts of purified GST-PRMT1 and translated HBx were as-
sessed by Coomassie staining (Fig. 5A, bottom). A fusion polypep-
tide containing the N-terminal portion of human fibrillarin
(GST-GAR) was used as the substrate, and [3H]AdoMet was used

as the methyl donor. We observed that the methylation of GST-
GAR by PRMT1 was decreased in the presence of HBx (Fig. 5A,
top). We next tested whether HBx could modulate the methyl-
ation of arginine 3 of histone H4 (21). In a first set of experiments,
we monitored the methylation of histone H4 by GFP-PRMT1
using purified free core histones incubated with [3H]AdoMet in
the presence or in the absence of HA-HBx. GFP-PRMT1 and HA-
HBx proteins were immunoprecipitated separately from HEK293
cells expressing either GFP-PRMT1 or HA-HBx, respectively.
While PRMT1 efficiently methylated histone H4, this activity was
decreased in the presence of HBx (Fig. 5B, top). Furthermore,
PRMT1-induced H4 methylation was also inhibited when
PRMT1 was immunoprecipitated from HEK293 cells coexpress-
ing His-Myc-PRMT1 and HA-HBx (Fig. 5B, bottom). We next
examined whether HBx could also inhibit PRMT1 methyltrans-
ferase activity toward additional endogenous substrates. With this
aim, we used heat-inactivated HepG2 whole-cell lysate as the sub-
strate (Fig. 5C). While PRMT1 extensively methylated cellular
proteins, we found reduced levels of methylation when HBx was
coexpressed with PRMT1 (Fig. 5C). To further confirm that HBx
is able to inhibit PRMT1 activity in the context of HBV genome
expression, we first incubated endogenous PRMT1 immunopre-
cipitated from either HepAD38 cells or HepG2H1.3�X cells that
contain an HBx-deficient HBV genome with histone H4 in the
presence of S-adenosylmethionine (SAM). We observed that HBx
expression correlated with a decrease in PRMT1 methyltrans-
ferase activity (Fig. 5D). In a second approach, cellular extracts
prepared from either HepAD38 cells or HepG2H1.3�X cells were
resolved by SDS-PAGE and immunoblotted with asymmetrical
dimethylarginine-specific antibody (ASYM25). Expression of
HBx from the wt HBV genome resulted in a global decrease of
methylation with a strong hypomethylation of several proteins
(indicated by arrows in Fig. 5E).

We next examined whether PRMT1 activity was modified in
living cells in the context of HBV replication. HLA-A2/DR1 trans-
genic mice were injected with either control adeno-associated vi-
rus serotype 2/8 (AAV2/8) or recombinant AAV2/8 carrying a
replication-competent HBV DNA genome (AAV2/8-HBV). HBV
was shown to replicate in the liver, and viral particles were found
in sera of AAV2/8-HBV-injected mice (Dion et al., unpublished).
Six weeks after injection, whole-cell lysates were prepared from
mouse liver, resolved by SDS-PAGE, and immunoblotted with
ASYM25 antibody. As shown in Fig. 6 (left), the ASYM25 meth-
ylation profile was modified in HBV-replicating liver, with a clear
decrease in levels of some methylated proteins (Fig. 6, top left and
bottom). Using a symmetrical dimethylarginine-specific antibody
(SYM10), we did not observe any modification between control
and HBV-AAV2/8-injected mice (Fig. 6, right). These data suggest
that PRMT1 activity is decreased in HBV-replicating cells in an
animal model.

DISCUSSION

The HBx protein has been described as a promiscuous transacti-
vator of viral and cellular genes, acting from both cytoplasmic and
nuclear locations (2). Recent studies have provided clues for HBx
transcriptional activity by showing that the viral protein is re-
cruited to the promoter of cellular and HBV genes and interferes
with epigenetic regulation (6, 7, 9, 51). Here, using affinity puri-
fication, we found that HBx interacts with PRMT1, a protein of
the arginine methyltransferase family involved in multiple cellular

FIG 3 Repression of HBV transcription by PRMT1 requires protein arginine
methyltransferase activity. (A) HepG2 cells were transfected with GFP-
PRMT1 or GFP-PRMT1 mutant vectors. Seventy-two hours after transfection,
proteins were extracted, resolved by SDS-PAGE, and analyzed by Western
blotting using anti-GFP antibody, and HP1� was used as a loading control. (B)
GFP-PRMT1 and the GFP-PRMT1 mutant were immunoprecipitated by us-
ing anti-GFP antibodies from HepG2 cells transfected with plasmids encoding
either wt GFP-PRMT1 or the GFP-PRMT1 mutant. HepG2 cells were used as
a control. Purified GFP-PRMT1 proteins were then incubated with free core
histones and [3H]AdoMet. Reaction mixtures were analyzed directly by SDS-
PAGE and fluorography. (C) HepG2 cells were transfected with equivalent
amounts of HBV vector in combination with a plasmid encoding either GFP-
PRMT1 or the GFP-PRMT1 mutant. Forty-eight hours later, cells were har-
vested, total RNA was extracted, and HBV transcription was analyzed by RT-
qPCR (left) or by Northern blotting (right). The transcript level in cells
transfected with the HBV vector alone was set to 1. P values were determined
by Student’s t test (��, P � 0.05; ns, no significant correlation). Error bars
represent SD of three independent experiments.
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functions, including transcriptional regulation. We showed that
HBx inhibits PRMT1 methyltransferase activity. Thus, what
might be the benefit of such inhibition for HBV? We demon-
strated first that PRMT1 overexpression results in the downregu-
lation of HBV transcription and, on the contrary, that depletion of
PRMT1 correlates with an increase in HBV transcription. Using
an enzymatically inactive PRMT1, we showed that transcriptional
repression is mediated by the methyltransferase activity of
PRMT1. Finally, using ChIP experiments, we confirmed that
PRMT1 is recruited to the HBV cccDNA in the context of infec-
tion. Our data suggest that PRMT1 is recruited to the cccDNA and
inhibits its transcription through the methylation of target pro-
teins. HBx in turn might counteract the repressive effect of
PRMT1 on HBV transcription by inhibiting its catalytic activity.

PRMT1 has been shown to methylate a large number of pro-
teins, including proteins involved in transcriptional regulation
and chromatin remodeling. Interestingly, HIV long terminal re-
peat (LTR) transcription has been shown to be repressed by
PRMT1 together with PRMT5. Both PRMT1 and PRMT5 act
through the methylation of SPT5, which decreases its binding to
RNA polymerase II and, subsequently, transcriptional elongation

(24). SPT5 and its partner SPT4 are general transcription elonga-
tion factors that can regulate transcription elongation of a large
number of cellular and viral genes in both positive and negative
manners (52, 53). It will thus be interesting to test whether HBV
transcription/elongation is also regulated by the SPT5 and SPT4
complex and whether SPT5 recruitment is enhanced during tran-
scriptional activation.

Alternatively, the repressive activity of PRMT1 on HBV tran-
scription could be dependent on HBx expression. One hypothesis
is that PRMT1 could methylate HBx. Using an in vitro methyl-
ation assay, we could not, however, observe the methylation of
HBx by PRMT1 under our experimental conditions, but we can-
not completely exclude that methylation occurs in vivo, and fur-
ther work is needed to determine if HBx activity is modulated by
PRMT1. Since methylation modulates protein-protein or pro-
tein-nucleic acid interactions (49, 54, 55), PRMT1 could also tar-
get one of the HBx-interacting partners involved in HBx tran-
scriptional activity. Further studies will be necessary in order to
understand the mechanism of PRMT1 repression.

In response to PRMT1 inhibition, the virus seems to have de-
veloped a strategy to evade this repression. Indeed, we observed

FIG 4 PRMT1 is recruited to the HBV genome. (A) HepG2 cells were transfected with HBV vector. Seventy-two hours posttransfection, cells were harvested and
subjected to a ChIP assay using antibodies against PRMT1. As a control, immunoprecipitation was performed in the absence of antibody (no Ab). Input and
immunoprecipitated DNA were analyzed in triplicate by qPCR with primers specific for HBV DNA and are displayed as percent input. Data are the averages of
data from five independent experiments. P values were determined by Student’s t test. (B) Recruitment of PRMT1 to the cccDNA in HepAD38 cells was
determined by ChIP-qPCR as described above. Data represent the averages of data from three independent experiments (top). HepAD38 cells were transfected
with siPRMT1 or siCtrl, as indicated. Seventy-two hours after transfection, total RNA was extracted, and HBV transcription was analyzed by RT-qPCR. The
transcript level in cells transfected with siCtrl was set to 1. Results shown are the averages of data from four independent experiments (bottom). P values were
determined by Student’s t test. (C) Recruitment of PRMT1 to the cccDNA was analyzed at day 8 after infection of PHH by using ChIP-qPCR with antibodies
against PRMT1. Immunoprecipitation using purified rabbit IgG was used as a control. Error bars represent SD of two independent experiments.
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that HBx inhibits the methyltransferase activity of PRMT1 toward
substrates such as the polypeptide containing the N-terminal por-
tion of human fibrillarin (GST-GAR), H4, as well as whole cellular
proteins (Fig. 5). Interestingly, while we observed that in the pres-

ence of HBx, the methyltransferase activity of PRMT1 seems to be
largely decreased, a protein with a molecular mass of approxi-
mately 40 kDa appears to have increased methylation (Fig. 5C).
Little is known regarding the regulation of PRMT1 activity; how-

FIG 5 HBx inhibits PRMT1 methyltransferase activity. (A) Recombinant GST-PRMT1 was incubated with GST-GAR and [3H]AdoMet in the presence of in
vitro-translated HBx or in vitro translation mix (lysate). Methylation reaction mixtures were resolved by SDS-PAGE and analyzed by fluorography (top) and
Coomassie staining (bottom). GST-PRMT1 and in vitro-translated HA-HBx protein were resolved by SDS-PAGE and visualized by Coomassie staining
(bottom). (B) Purified GFP-PRMT1 was incubated in the presence or in the absence of purified HA-HBx with free core histones and [3H]AdoMet. (Top)
Reaction mixtures were analyzed directly by SDS-PAGE and fluorography. The amounts of immunoprecipitated GFP-PRMT1 and HA-HBx were detected by
Western blotting using anti-GFP and anti-HA antibodies. (Bottom) His-Myc-PRMT1 was immunoprecipitated with anti-Myc antibody from HEK293 cells
transfected with His-Myc-PRMT1 plasmid either alone or in combination with HA-HBx. His-Myc-PRMT1 proteins were incubated with free core histones and
[3H]AdoMet, and methylation of H4 was assessed by using fluorography. The expression of HA-HBx in whole-cell extracts (input) and the amount of
immunoprecipitated His-Myc PRMT1 were determined by Western blotting using anti-HA and anti-Myc antibodies. (C) Immunoprecipitated His-Myc-
PRMT1, as described above for panel B, was incubated with heat-inactivated HepG2 cell lysate in the presence of [3H]AdoMet. The reaction mixtures were
analyzed by fluorography as described above (top). Immunoprecipitated His-Myc-PRMT1 was visualized by Western blotting using anti-Myc antibody (bot-
tom). (D) Endogenous PRMT1 immunoprecipitated from HepAD38 or HepG2H1.3�X cells was incubated with histone H4 in the presence of S-adenosylme-
thionine (SAM). As a control, the cellular extract of HepAD38 cells immunoprecipitated with IgG was incubated with H4. The reaction mixtures were analyzed
by Western blotting using ASYM25 antibody. The H4 level was visualized by Western blotting using anti-H4 antibody. Immunoprecipitated PRMT1 was
visualized by Western blotting using anti-PRMT1 antibody. (E) Cellular extracts were prepared from HepAD38 or HepG2H1.3�X cells, and the profile of cellular
proteins containing asymmetrically dimethylated arginines (ASYM25) was analyzed by Western blotting using the Odyssey procedure. HBV replication was
assessed by Western blotting using anti-PreS1 antibody, and tubulin was used as a loading control.
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ever, it has been shown that its activity can be regulated in a sub-
strate-dependent manner through its interaction with cellular
partners such as the immediate-early gene TIS21 and the leuke-
mia-associated protein BTG1 or CCR4-associated factor 1
(hCAF1) (56, 57). HBx might thus behave as such a regulator.

PRMT1 participates in broad cellular processes, including sig-
nal transduction, cell proliferation, transcriptional regulation,
chromatin structure regulation, RNA metabolism, and DNA re-
pair (58). Yu and collaborators demonstrated that a total loss of
PRMT1 in mouse embryonic fibroblasts (MEFs) leads to DNA
damage, cell cycle progression delay, checkpoint defects, as well as
cell division aberration (59). PRMT1 controls the DNA damage
response pathway in part through the methylation of MRE11 and
53BP1 (60, 61). Interestingly, HBx contributes to HBV-induced
hepatocarcinogenesis, and it is now well established that HBx ex-
pression correlates with mitotic aberrations such as chromosome
segregation defects and polyploidy and impairs DNA damage
checkpoint control (2, 62–64). Thus, deregulation of PRMT1 ac-
tivity could contribute to the oncogenic activity of HBx.

Finally, PRMT1 might play an important role in the JAK-STAT
pathway. Silencing of PRMT1 expression reduces the growth-in-
hibitory effect of beta interferon (IFN-	) (65). However, the
mechanism is not fully understood. PRMT1 has been shown to
interact with the cytoplasmic domain of the interferon receptor
IFNAR1 (65). PRMT1 is also believed to methylate STAT1 and
thus decrease its interaction with the protein inhibitor of activated
STAT1 (PIAIS1) (49). However, this mechanism is a subject of
controversy and awaits further analysis, since others have reported
that PIAIS1 could be a substrate of PRMT1 (66). Our present data
showing that HBx inhibits PRMT1 activity are in line with a pre-
vious report demonstrating that HBV interferes with interferon
signaling through the inhibition of PRMT1 activity (67). Thus,
PRMT1 inhibition by HBx could participate in the resistance of
some chronic HBV carriers to IFN-
 treatment (68).

Given that arginine methylation is an important and prevalent
mechanism for protein function regulation, it is not surprising
that viral proteins not only are arginine methyltransferase sub-
strates but also are able to target arginine methyltransferase activ-

FIG 6 Dimethylated arginine profile in HBV-replicating liver cells in vivo. Cellular extracts were prepared from the liver of AAV2/8-empty-injected mice
(control mice) and from AAV2/8-HBV-injected mice (HBV carrier mice). Total cellular proteins containing either asymmetrically dimethylated arginines
(ASYM25) or symmetrically dimethylated arginines (SYM10) were analyzed by Western blotting using the Odyssey system. Signal strengths of the indicated
proteins (A, B, and C) were normalized to the corresponding tubulin signal (bottom). Bold arrows indicate proteins with decreased methylation in HBV carrier
mice compared to control mice. The thin arrow indicates protein with unchanged methylation. Two mice were used under each condition. HBV transcription
was assessed by Western blotting using anti-HBs antibody, and tubulin was used as a loading control.
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ity. PRMT6 has been shown to inhibit HIV-1 transcription
through the methylation of Tat, Rev, and the nucleocapsid pro-
teins (69, 70, 71). PRMT1 has been shown to methylate and in-
hibit hepatitis C virus (HCV) NS3 protein, but in turn, HCV
counteracts PRMT1 repressive activity by activating protein phos-
phatase 2, which inhibits PRMT1 (72, 73). Interestingly, by inhib-
iting PRMT1, HCV modulates the expression of cellular genes
involved in hepatocarcinogenesis and inhibits DNA repair dam-
age, suggesting a role of PRMT1 inhibition in HCV-mediated
HCC (73). Similarly, the E6 oncoproteins of low-risk and high-
risk human papillomavirus interact with histone methyltrans-
ferases CARM1, PRMT1, and SET7, inhibiting their activities,
which leads to the suppression of p53 activity (74). Together with
our current study, these results emphasize the important role of
arginine methyltransferases in virus replication and associated
pathogenesis.
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